The binding of aminoglycosides to RNA provides a paradigm system for the analysis of RNAdrug interactions. The electrostatic field around three-dimensional RNA folds creates localized and defined negatively charged regions which are potential docking sites for the cationic ammonium groups of aminoglycosides. To explore in RNA folds the electronegative pockets suitable for aminoglycoside binding, we used calculations of the electrostatic field and Brownian dynamics simulations of cation diffusion. We applied the technique on those RNA molecules experimentally known to bind aminoglycosides, namely, two tobramycin aptamers (Wang, Y.; Rando, R. R. Chem. Biol. 1995, 2, 281-290): the aminoglycoside-binding region in 16S ribosomal RNA (Moazed, S.; Noller, H. F. Nature 1987, 327, 389-394) and the TAR RNA from human immunodeficiency virus et al. Bioorg. Med. Chem. Lett. 1995, 5, 2755-2760. For the aptamers and ribosomal RNA, for which the binding sites of the aminoglycosides are known, a good agreement between negatively charged pockets and the binding positions of the drugs was found. On the basis of variations between neomycin-like and kanamycin-like aminoglycosides in the interaction with the electrostatic field of ribosomal RNA, we propose a model for the different binding specificities of these two classes of drugs. The spatial congruence between the electronegative pockets in RNA folds and binding positions of aminoglycosides was used to dock aminoglycosides to ribosomal and TAR RNAs. Molecular dynamics simulations were used to analyze possible RNA-drug interactions. Aminoglycosides inhibit the binding of the viral Tat protein to TAR RNA; however, the drug-binding sites are still unknown. Thus, our docking approach provides first structural models for TAR-aminoglycoside complexes. The RNA-drug interactions observed in the modeled complexes support the view that the antibiotics might lock TAR in a conformation with low affinity for the Tat protein, explaining the experimentally found aminoglycoside inhibition of the Tat-TAR interaction (Mei, H.-Y.; et al.
Introduction
Due to its crucial role in key biological processes of cells as well as of their parasites and viruses, RNA is now acknowledged as a prime target for therapeutic intervention. [4] [5] [6] Rational drug design seeks to optimize both binding affinity and selectivity of the compounds under study. Selectivity in drug binding is obtained by targeting specific three-dimensional structural elements of RNA formed by bulges, hairpins, junctions, or asymmetries in the deep and shallow grooves around noncanonical base pairs. 5, 7 While shape-sensitive molecular interactions based on van der Waals forces and surface complementarity provide binding selectivity, electrostatic interactions are important for achieving binding strength. [8] [9] [10] [11] [12] The great majority of drugs binding to RNA contain positively charged groups which can neutralize the negatively charged backbone phosphates of the RNA. Among these cationic compounds targeted at RNA are benzimidazoles, 13 cyclophanes, 14 diphenylfurans, 15 spermidine-acridine conjugates, 11 and the aminoglycosides 16 ( Figure 1a ). The latter have been known for a long time as potent antibiotics which bind to specific target sites in the bacterial ribosome. 2, 17 Binding of aminoglycosides to the A site of 16S ribosomal RNA (rRNA) can block initiation of translation, elicit premature termination, and cause miscoding ultimately leading to bacterial cell death. 17 The low toxicity of aminoglycosides for higher organisms is due to few mutations present in the eukaryal 16S rRNA which prevent high-affinity binding of the drugs. 18 Other important targets for aminoglycosides are the trans-activating response element (TAR) and the Rev response element (RRE), regulatory RNA motifs of the human immunodeficieny virus (HIV) which are impeded by the drugs in interacting with their cognate viral target proteins Tat and Rev. 3, 19, 20 Aminoglycosides also act as inhibitors of catalytic RNAs such as the selfsplicing group I introns, 21 the hepatitis delta virus ribozymes, 22 and the hammerhead ribozymes of a number of plant viroids. 23 Experimental and theoretical investigations provide evidence that the high-affinity binding of aminoglycosides to their RNA targets is governed by the electrostatic interactions due to amino groups, 8, 10, 12, 24 positively charged at physiological pH. 25 It has been shown for the hammerhead RNA that upon binding, the aminoglycosides replace Mg 2+ ions 24 required for both folding and catalysis of the ribozyme. 26, 27 However, the mere presence of positive charges in aminoglycosides does not explain how they are able, unlike many other oligocations, to discriminate between different RNA folding motifs. A model has been proposed in which aminoglycosides provide a three-dimensional framework of am-monium groups which can orient in space so as to occupy simultaneously several Mg 2+ ion-binding sites, thereby displacing cations from their binding pockets in the hammerhead RNA. 10 According to this view, the main basis of target selection of aminoglycosides binding to RNA is structural electrostatic complementarity between the polycationic drugs and the negatively charged three-dimensional fold of the RNA. 10, 12 Figure 1. (a) Structures of aminoglycoside antibiotics used in this study. Neomycin B and paromomycin are 4,5-linked 2-deoxystreptamine (2-DOS) derivatives, often referred to as neomycin class aminoglycosides, which comprise four alicyclic rings. Tobramycin belongs to the kanamycin class of 4,6-linked 2-DOS compounds with three rings. The protonation state of amino groups is shown at physiological pH. 25 (b) Secondary structures of RNA molecules for which the interaction with aminoglycosides was investigated. Base pairing is indicated as observed in the three-dimensional structures determined by NMR spectroscopy. Numbering schemes follow the literature. TOB1, TOB2, tobramycin aptamer RNAs; 1, 46, 47 TAR, HIV-1 TAR RNA; 69 16SA, oligonucleotide derived from the 16S rRNA A site. 18 In 16SA, the box indicates the nucleotides present in 16S rRNA. (c) Adiabatic map of the two torsion angles connecting rings A and B of the neamine core common in all biologically active aminoglycosides. Indicated on the map are conformations of the neamine moiety in tobramycin complexed with aptamer RNAs (TOB1, TOB2), in paromomycin bound to 16SA, and in solution conformers of free tobramycin (10 conformers) and neomycin (20 conformers) obtained by MD simulations. 10 The map was calculated as described in Methods.
The hypothesis of electrostatic complementarity can be exploited to propose possible binding sites for aminoglycosides in target RNA molecules. Therefore, it is necessary to know the location of metal ions in the three-dimensional fold of the RNA. Information about metal ion-binding sites in RNA comes from crystal structure analysis [28] [29] [30] [31] [32] [33] [34] and biochemical experiments such as metal-induced cleavage [35] [36] [37] [38] and interference assays, in which single putative metal-binding phosphate groups in the RNA are substituted with sulfur. 39 While crystal structure analysis provides both the structure of the RNA and the positions of metal ions, it does not exhaustively identify all metal ion-binding pockets as is illustrated by the fact that, for example in tRNAs, more than 10 specific Mg 2+ -binding sites exist in solution, 40, 41 whereas only 3-4 metal ions are found in crystal structures. 42, 43 Many three-dimensional structures of RNAs are now solved by NMR techniques, and they do not reveal the positions of metal ions despite the fact that ions are present when the structures are analyzed. We have developed a method to explore negatively charged pockets in RNA three-dimensional folds for which a priori knowledge of metal ion-binding sites is not available. 44 Electronegative pockets may either be considered as metal ion-binding sites or serve as target sites for the docking of positively charged molecule parts such as the ammonium groups of aminoglycosides. The prediction of electronegative pockets is based on the fact that the electrostatic field surrounding a molecule can be calculated from atomic partial charges for a given three-dimensional structure. We use Brownian dynamics (BD) simulations 45 of diffusing positively charged test spheres in order to explore the electrostatic field gradient around RNA molecules. 44 The metal ionbinding sites predicted by BD simulations are then used to dock aminoglycosides to RNA targets, following the hypothesis of electrostatic complementarity. 10 Here, we test the method on RNA molecules for which the binding sites of aminoglycosides are known from NMR analyses (Figure 1 ), namely, two aminoglycoside aptamers 1, 46, 47 and an RNA fragment that contains the aminoglycoside-binding region in the A site of 16S rRNA. 2, 18, [48] [49] [50] On the basis of a discussion of the importance of electrostatic complementarity for the binding of aminoglycosides to RNA targets, we explain the specificity of different drugs. Finally, the novel prediction and docking procedure is applied on the TAR RNA hairpin which is known to bind aminoglycosides 3, 20, 51, 52 but at still unknown locations in the threedimensional structure.
Results and Discussion
General Outline of the Prediction Method. Negatively charged pockets suitable for cation binding in RNA target molecules are predicted 44 through calculations of the electrostatic field around the three-dimensional folds of the RNAs and Brownian dynamics simulations 45 of cation diffusion.
The prediction was done for three RNA-drug complexes for which the three-dimensional structures had been previously determined, 18, 46, 47, 50 namely, two tobramycin aptamers and an RNA fragment comprising the aminoglycoside-binding region in 16S rRNA (Figure 1) . In each case, the BD simulations of cation diffusion were performed on the RNA fold in the absence of the aminoglycoside. The electrostatic complementarity between electronegative pockets of the RNA and positively charged ammonium groups of aminoglycosides was analyzed by comparing the spatial distribution of predicted electronegative regions and the actual positions of ammonium groups in the RNA-antibiotic complexes. The results of the comparisons for the aptamers and the rRNA are described in the following two sections.
In a third section, we demonstrate how the calculation of electronegative pockets can be used to predict the interaction region of positively charged drugs in cases where the three-dimensional structure of an RNA target is known but not the drug-binding sites. The TAR RNA was shown previously to bind aminoglycosides. 3, 51, 52 Electronegative pockets, predicted for the TAR RNA (Figure 1b 
Conformations of Aminoglycosides in Solution and
Bound to RNA. Currently, three-dimensional structures are available for three RNA-aminoglycoside complexes which have been investigated by NMR spectroscopy, namely, two tobramycin aptamers 46, 47 and the A site of 16S rRNA bound to paromomycin. 18 Interestingly, the conformations of the aminoglycosides in these RNA-drug complexes are similar to the low-energy solution conformations obtained with MD simulations of free solvated aminoglycosides. The conformations of the neamine core in the two aptamer complexes and in the A site complex map to the global minimum on the adiabatic map of the two free torsions in neamine (Figure 1c) . The root-mean-square deviation of the two tobramycin conformers found in the aptamer complexes compared to their closest corresponding solution conformations is 0.5 and 1.1 Å, respectively. The similarity between conformations of aminoglycosides free in solution and complexed indicates that RNA recognizes and binds 'native' solution conformers of the drugs without inducing major conformational distortions. This is an important prerequisite validating procedures that use solution conformations of aminoglycosides for docking to RNA targets as will be described below for the TAR RNA.
Tobramycin Aptamers. Aptamer RNAs are oligonucleotides that bind a substrate molecule with both high affinity and specificity. 53 Aptamers for aminoglycoside antibiotics have been obtained from RNA pools of random sequence by in vitro selection (SELEX) using various aminoglycosides as substrates. 1, [54] [55] [56] [57] The threedimensional structures of two tobramycin aptamers 1 (TOB1, TOB2) complexed to the aminoglycoside have been recently determined by NMR spectroscopy ( Figure 1 ). 46, 47 TOB1 and TOB2 selectively bind tobramycin with an affinity of 9 ( 3 and 12 ( 5 nM, respectively. 1 Tight interaction observed in the complexes between the RNA and the drug suggests that, during the selection process, the RNA evolves into a three-dimensional fold that wraps around the aminoglycoside template to form an optimally specific interaction surface. Thus, it is expected that besides electrostatic interactions, van der Waals contacts may be important for the recognition and binding of tobramycin to the aptamer RNAs.
A. Electronegative Pockets in the Tobramycin Aptamers Explored by BD Simulations. To explore electronegative pockets suitable for binding of positively charged ammonium groups of the aminoglycoside, we performed BD simulations of cation diffusion on the three-dimensional structures of the aptamer RNAs in the absence of the drug. The resulting densities reveal that, in both aptamers, the binding sites for tobramycin superimpose on negatively charged pockets (Figure 2 ).
In the TOB1 complex, three ammonium groups of tobramycin at positions 2′, 1, and 3" are located close to the center of predicted cation-binding sites of the RNA (Figure 2a ). The 6′-ammonium group in the A ring, where the drug was linked to the solid support during RNA aptamer selection, 1 is directed away from the RNA and consequently lies outside the density peaks calculated from BD simulations. The 3-amino group which has the lowest pK a among all the amino groups on the aminoglycosides 25 also does not dock into an electronegative pocket. This amino group is uncharged at neutral pH values and has probably not been contributing to the electrostatic interaction with the RNA during the selection procedure which was conducted at pH 7.4. 1 Three hydroxyl groups of tobramycin, namely, 5, 2′′, and 4′′ are pointing with their hydrogens toward predicted cation-binding sites. It could be envisaged that hydroxyl groups can dock into negatively charged pockets, as was suggested for electrostatically restricted water molecules. 44 While for the TOB1 aptamer complex a good match is observed between the positions of positively charged ammonium groups of tobramycin and discrete electronegative pockets in the RNA, the results for the TOB2 complex are less clear. The density calculated from BD simulations suggests that, compared to TOB1, a less structured electronegative pocket exists within TOB2 where discrete preferred positions for cations are not apparent (Figure 2b) . Two of the ammonium groups of tobramycin at positions 1 and 3′′ are located within the density, and a third group at 2′ is pointing toward the density peak. These are the same three ammonium groups which interact with electronegative pockets in the TOB1 aptamer. The 3′′-ammonium group is pointing toward an extension of the BD densiy peak located below the loop, close to the U7‚G20 pair in the stem region of the aptamer. Tobramycin hydroxyl groups 5, 2′′, 4′′, and 6′′ are also located inside the density predicted for TOB2.
B. Comparison of the Two Aptamers. The differences between the electronegative pockets in TOB1 and TOB2 reflect the distinct architectures of the two tobramycin aptamers which, at first sight, are very similar. Both share a common U10-A17 loop segment except at position 15 which is a C in TOB1 and a G in TOB2. In the RNA-drug complexes, the loop segment forms the entrance and walls of the substrate-binding pocket by folding around the aminoglycoside. The loop segment is stacked on a helix with a widened deep groove which constitutes the backside and floor of the binding site. Widening of the RNA deep groove is caused by a bulged nucleotide in TOB1 46 and by three mismatches in TOB2. 47 These distinctive structural motifs lead to characteristic differences between TOB1 and TOB2 in the interaction surface of the aptamers at the backside of the drug-binding pocket (Figure 2c ,d, right panels), while the entrance side of the pocket is very similar in both aptamers (Figure 2c,d , left panels). In TOB2, the backside of the pocket is more extensively closed and buried between regions of the RNA backbone causing the electronegative cavity to extend toward the stem region. The accessible surface area of tobramycin ring C (see Figure 1a) , penetrating deepest into the binding pocket, is reduced by 98% to 6 Å 2 upon complex formation in TOB2, while the same values for TOB1 are 86% and 36 Å 2 , respectively. In total, the reduction of accessible surface area of tobramycin amounts to 74% and 66% when the drug binds to TOB2 and TOB1, respectively. Thus, surface calculations support the findings from BD simulations suggesting that TOB2 forms a deeper tobramycin-binding cavity than TOB1 does. However, the affinity of substrate binding may be more influenced by the depth of the potential inside the electronegative pockets rather than by their spatial extension. TOB1 with its sharply defined cation-binding pockets ( Figure 2a ) has a higher affinity for tobramycin than TOB2 with its diffuse density ( Figure 2b ).
16S rRNA A Site. The decoding region of 16S rRNA, which, during translation, provides the site of interaction between the mRNA codon and the aminoacyl-tRNA anticodon, is the primary target for aminoglycoside antibiotics. 2, 48 Binding of aminoglycosides to the internal bulge of the A site within the decoding region in bacterial 16S rRNA leads to miscoding during translation. The chemical groups of nucleotides in rRNA required for binding different aminoglycosides have been determined using biophysical and biochemical approaches. [48] [49] [50] [58] [59] [60] [61] The three-dimensional structures of an oligonuclotide analogue representing the A site of 16S rRNA (16SA) (Figure 1b) , free in solution and in complex with the neomycin class aminoglycoside paromomycin (Figure 1a) , have been recently solved by NMR. 18, 62 Although it has been noted that ribosomefree models may be an oversimplification of the situation in vivo, 61 the NMR structure of the 16SA-paromomycin complex provides important insights into the recognition of aminoglycosides by ribosomal RNA.
To study the role of electrostatics for aminoglycoside binding to the rRNA A site, we explored negatively charged pockets in the NMR structures of both the free 16SA and the 16SA-paromomycin complex. We will first describe the calculation of electronegative pockets in free and paromomycin-bound 16SA followed by a discussion of the consequences for aminoglycoside binding. Finally, we will present results from docking aminoglycosides to the negatively charged pockets in the free 16SA.
A. Electronegative Pockets Calculated for Free and Paromomycin-Bound 16S rRNA. BD simula-tions of cation diffusion on the free 16SA revealed two discrete rather spherical pockets (1 and 2, Figure 3b ) with negative potential within the deep groove of the helically folded bulge structure. The negatively charged pockets are lined by nucleotides of the bulge and the upper and lower stems (Figure 4) . The maximum density of pocket 1 is located close to the bases of the U1406‚U1495 pair (O4 atoms) and G1494 (O6). For pocket 2, the highest electronegative potential is found at the bases of U1490 (O4) and G1491 (O6).
In contrast to free 16SA, for which two discrete pockets were found, BD simulations predicted a single elongated electronegative cavity within the helically folded bulge structure of the paromomycin-bound 16SA oligonucleotide (Figure 3a) . The difference between the shapes of the negatively charged pockets in free and bound 16SA is due to a conformational change induced by the binding of paromomycin to the RNA. 62 Conformational changes are not taken into account by the current method for the calculation of electronegative pockets as the BD simulation of cation diffusion is done with rigid RNA as a target. However, the set of core nucleotides enclosing the cavity in bound 16SA is almost identical with the nucleotides which line the two electronegative pockets in the free conformation ( Figure 4) . Differences occur at the border of the pocket where C1404 and C1496 are not anymore participating while, in addition, G1489 extends the contact region. The maximum density of the cavity, representing the region where the largest number of diffusing cations was trapped during BD simulations, is located between the phosphates of U1406/C1407 and both phosphates and bases of G1489/U1490. All nucleotides, except for A1492, that are involved in intermolecular contacts to paromomycin in the NMR structure of the 16SA-drug complex 18 participate also in the formation of the electronegative pocket.
However, of the five positively charged ammonium groups in paromomycin (Figure 1a) , only the two of ring D (N2′′′, N6′′′) are found within the calculated density (Figure 3a) . The maximum of the electronegative pocket covers the N2′′′ ammonium group and is in proximity to the two hydroxyls of ring D (O3′′′, O4′′′). The hydroxyl groups of ring C are also found within the electronegative density. In contrast, all three ammonium groups of the neamine core (N2′, N1, N3) are located in regions of relatively low electronegative potential formed essentially by the bases on one side of the bulge (G1491-C1496). Thus, only a limited electrostatical complementarity between the electronegative regions of the RNA and positively charged ammonium groups of the aminoglycoside is observed in the NMR structure of the 16SA-paromomycin complex.
The neamine moiety, comprising rings A and B, is not participating in strong electrostatic interactions. Rather, rings A and B are extensively involved in shapesensitive van der Waals interactions such as stacking of ring A with the base of G1491. In contrast, rings C and D of paromomycin are located within regions of strong electronegative potential in 16SA. These results of our calculations are in line with experimental findings showing that rings A and B of neomycin class aminoglycosides confer specificity to the binding of antibiotics to 16S rRNA, while rings C and D contribute weakly to the specificity of antibiotic binding and function. 18, 50, 63 While it has been shown that a certain directionality in the orientation of the positive charge at ring D is necessary for specific binding of neomycin class aminoglycosides to 16S rRNA, 64 this ring is found partially disordered in structures of the 16SA-paromomycin complex determined by NMR spectroscopy. 18 This indicates that the electrostatic interactions between the RNA and positively charged ammonium groups in ring D display a certain plasticity which can accommodate several conformers of the aminoglycoside. Similar observations were made for electrostatic interactions between aminoglycosides and other RNAs, namely, the hammerhead ribozyme 10 and TAR (see below).
B. Differences between Neomycin and Kanamycin Class Antibiotics in the Binding to 16SA. We suggest that the shape-insensitive electrostatic interactions of rings C and D with the negatively charged pocket in 16SA contribute to both the specificity and the strength of neomycin class aminoglycoside binding to the A site oligonucleotide. It was pointed out before that rings C and D of the 4,5-linked 2-DOS derivates (see Figure 1a ) might confer a directional specificity to antibiotic binding and ensure a correct interaction of rings A and B with the A site RNA. 50 This directionality in aminoglycoside binding to 16S rRNA may be dependent on the presence of rings C and D binding in the negatively charged cavity. Consequently, one would expect that the directionality is absent for aminoglycosides lacking rings C and D. Indeed, the kanamycin class of aminoglycosides, 4,6-linked 2-DOS compounds comprising three alicyclic rings (see Figure 1a) , display lower binding specificity toward 16S rRNA. 61 Unsubstituted neamine, the core moiety of aminoglycosides, binds itself only weakly to 16SA. 50 Data from NMR experiments indicate that alternate conformers of neamine may be sampling multiple binding sites within the deep groove of 16SA 50 similar to aminoglycosides binding to the large electronegative cavity of the hammerhead ribozyme. 10 The proposed difference in the capability of neomycin and kanamycin class aminoglycosides for binding with a defined directionality to the 16S rRNA A site might have important consequences for the efficiency of these drugs to induce a local conformational change in the RNA ( Figure 5 ). A comparison of the free and paromomycin-complexed conformations of 16SA shows that two bases, A1492 and A1493, are displaced from the deep groove when paromomycin is bound. 62 This local conformational change is accompanied by a slight contraction of the deep groove (see Figure 3a,b) . Rings A and B of paromomycin occupy the space where the bases of A1492 and A1493 are located in the free 16SA RNA. The directed positioning of the neamine moiety (rings A and B) in the deep groove might be driven by the electrostatic anchoring of rings C and D in the negatively charged pocket. In contrast to the neomycin-like aminoglycosides, the compounds of the kanamycin class, which comprise three rings and have a more planar shape, may not be able to direct their neamine moiety as to effectively displace A1492 and A1493 from the deep groove. Rather, a number of solution conformers of the drugs might be able to bind in different orientations, among them complexes where the neamine core is inserted into the electronegative cavity ( Figure 5 ). The variable binding modes of kanamycin class aminoglycosides would mainly rely on undirected electrostatic interactions of positively charged ammonium groups, whereas the shape-specific van der Waals contacts outside the negatively charged pocket would be less important as compared to neomycin-like compounds. This might account for the experimentally observed differences between the binding specificities of kanamycin and neomycin class aminoglycosides. Quantitative measurements with surface plasmon resonance on the interaction of aminoglycosides with 16S rRNA have revealed that kanamycin class derivatives, compared to neomycin-like compounds, have affinities lower by at least 2 orders of magnitude and 10-fold lower specificities for binding to 16S rRNA. 61 The lower binding specificity of kanamycin class compounds could be due to several possible binding orientations in the deep groove at the A site of 16S rRNA. Only a few of the binding orientations of the kanamycin-like aminoglycosides might lead to a local conformational change in the RNA by displacing A1492 and A1493. An extreme case is unsubstituted neamine that might form complexes with 16SA in several alternate conformers by exploring various binding sites within the negatively charged cavity. The low biological activity of neamine might result from the fact that it is small enough to bind into the deep groove of 16SA without resulting in a conformational change in the RNA.
C. Docking of Tobramycin to Free 16SA. To test our assumption that kanamycin-like aminoglycosides could occupy variable binding orientations inside the electronegative cavity of 16SA, we docked solution conformers of tobramycin, a kanamycin-class compound (Figure 1a) , to free 16SA. The tobramycin conformers were obtained, as previously described, 10 by hightemperature MD simulations of the free antibiotic in water. Since we were not aiming at an exhaustive survey of RNA-tobramycin interactions, only two lowenergy conformers of tobramycin were used for docking, both of which had neamine conformations close to the global energy minimum on the adiabatic map ( Figure  1c) . The docking was done by positioning ammonium groups of the aminoglycoside into maxima within the electronegative pockets predicted by BD simulations of Residues that form intermolecular contacts with the aminoglycoside in the NMR structure of the 16SA-paromomycin complex 50 are marked on a gray background. Arrows indicate nucleotides that are protected from chemical probes by aminoglycoside antibiotics. 58 The two sets of nucleotides that are bordering the discrete electronegative pockets in 16SA (free) are separated by a gray line and designated 1 and 2, respectively. cation diffusion. Several different orientations of the tobramycin conformers within the deep groove of 16SA were possible, all displaying a good match between positively charged ammonium groups and negative charge density (Figure 3c,d) . In most of the alternative orientations of tobramycin conformers docked to free 16SA, ammonium groups of ring B were positioned in pocket 1 (Figure 4 ) and pocket 2 was occupied by substituents of either ring A (Figure 3c ) or ring C (Figure 3d) .
Since both the calculation of electronegative pockets and the docking of aminoglycosides were performed on rigid RNA, there was no way to account for a conformational change as the one occurring when the neomycin class drug paromomycin binds to 16SA. 62 However, the kanamycin-like compound tobramycin fits in various binding orientations into the deep groove of 16SA where the neamine moiety is directed inside the electronegative cavity avoiding sterical clashes with the bases of A1492 and A1493. Thus, binding of kanamycin class aminoglycosides to 16SA might not necessarily induce a conformational change by displacing these bases from the deep groove ( Figure 5 ).
D. Differences between Natural RNAs and Aptamers. The mechanisms of molecular recognition may differ in complexes of artificial aptamer RNAs and natural RNAs such as the 16S rRNA. 6 Aptamers, in contrast to natural RNAs, bind aminoglycosides with both higher affinity and specificity and without competition for metal ions. 1, 54, 56, [65] [66] [67] The tobramycin aptamers, for which three-dimensional structures are available (see above), have affinities for structurally related aminoglycosides 10 3 -10 4 -fold lower than that for tobramycin, [65] [66] [67] while the binding constants of natural RNAs such as the 16S rRNA and RRE differ by less than 1 order of magnitude for several different aminoglycosides. 66 The specific interaction of aminoglycosides with natural targets such as 16S rRNA, HIV TAR, and ribozymes requires the presence of the neamine moiety comprising rings A and B (Figure 1a) . 18, 50, 63 During selection of the tobramycin aptamers, the substrate aminoglycoside was linked via ring A to a solid support, and thus, rings B and C are essentially contributing to the specific interaction between the aminoglycoside and the RNAs. In the artificial aptamer RNAs which wrap around rings B and C of tobramycin, other recognition principles may be favored than those observed in natural RNAs.
HIV-1 TAR RNA. The trans-activating response element (TAR) of HIV and related retroviruses, a hairpin structure at the 5′ end of nascent viral mRNA transcripts (Figure 1) , is the binding site for the regulatory Tat protein that increases production of viral mRNAs by enhancing both initiation and processivity of transcribing polymerases in the infected cell. 68 Threedimensional structures of the free TAR hairpin and Tat-TAR complexes have been determined by NMR revealing a conformational change in the TAR RNA which is induced by binding of the Tat protein into the widened deep groove of the RNA. [69] [70] [71] [72] Given its key role in the HIV replication process, the Tat-TAR system is a potential target for anti-HIV therapeutics. 11, 73 It has been suggested that small molecules may be able to lock the flexible TAR hairpin structure into a conformation that does not allow for binding of the cognate regulatory protein and, thus, inhibit viral growth. 69 Aminoglycoside antibiotics inhibit the binding of Tat-derived peptides to TAR RNA 3, 20 and induce dissociation of preformed Tat-TAR complexes by an allosteric mechanism, 51 with neomycin B (Figure 1a) being the most active compound.
To assess the hypothesis that aminoglycosides may lock TAR in the 'free' conformation observed in the absence of the Tat protein, we searched the threedimensional structure of the TAR hairpin for cationbinding pockets as potential docking sites for the ammonium groups of aminoglycosides. The investigation proceeded in three steps. First, we analyzed the electrostatic field around the TAR fold by BD simulations of cation diffusion as was described above for the tobramycin aptamers and the 16S rRNA A site. Second, solution conformers of the aminoglycoside neomycin B were docked to TAR by positioning positively charged ammonium groups of the drug into the calculated electronegative pockets of the RNA. Third, we performed MD simulations of the docked TAR-neomycin complexes in order to investigate RNA-drug interactions which could rationalize the inhibition of Tat binding to TAR by aminoglycosides.
A. Electronegative Pockets Calculated for TAR.
BD simulations of cation diffusion, performed on the NMR structure of free TAR, 70 revealed three electronegative pockets in the RNA hairpin (Figure 6a ). The predicted cation-binding sites are located on top of the U31-GG-G34 loop, in the U23-C-U25 bulge, and in the deep groove of the lower stem. The density peak in the lower stem region is rather extended, involving the backbone of nucleotides in the upper stem which connects the bulge and the loop. Multifunctional drugs, such as the aminoglycosides, carrying several cationic groups could be envisaged to interact simultaneously with the lower and upper stem regions, thereby stabilizing TAR in its free conformation.
B. Docking of Neomycin to TAR.
To test the feasibility of this hypothesis, we docked several solution conformers of neomycin B to the TAR RNA. The neomycin conformers (Figure 1c) were obtained, as previously described, 10 by high-temperature MD simulations of the free drug in water. The docking of neomycin to TAR was performed by positioning ammonium groups of the aminoglycoside in discrete maxima within the density grid of cation-binding sites calculated for the RNA. Initially, 20 different solution conformers of neomycin were considered for docking (Figure 1c) . Docking ammonium groups into electronegative pockets of the TAR RNA, while avoiding steric clashes, was achieved for 13 neomycin conformers, some of which allowed several different orientations. A total of 27 TAR-neomycin complexes were constructed (Figure  6b,c) .
The fact that there is not a single way but several different ways to fit solution conformations of neomycin to electronegative pockets in TAR RNA parallels findings for the hammerhead ribozyme. Solution conformers of aminoglycosides had been docked to crystallographic Mg 2+ ion-binding sites of the hammerhead RNA yielding 16 different complexes for neomycin B. 10 In both natural RNAs, hammerhead ribozyme and TAR, the electrostatic complementarity between the positively charged ammonium groups in aminoglycosides and cation-binding pockets in the RNA folds may provide the basis for high-affinity binding of aminoglycosides. In contrast to artificial aminoglycoside-binding aptamer RNAs that provide a tight pocket for a single conformer, the natural targets for aminoglycosides display more plasticity in accommodating several solution conformers of the drugs inside a high-affinity binding region that is essentially defined by electronegative pockets. This difference is reflected in a lower extent of surface burial of the aminoglycoside in TAR complexes as compared to aptamer complexes. While in the two tobramycin aptamers discussed above at least 66% of accessible surface area of the substrate tobramycin is buried upon complexation, only 50% accessible surface burial is observed for neomycin on the average over the 27 TAR complexes studied here. The promiscuous character of the aminoglycoside-binding sites in natural RNAs may account for the finding that natural RNAs, in contrast to aptamers, bind aminoglycosides with lower affinity and a less discriminatory specificity. 56, [65] [66] [67] C. Analysis of TAR-Neomycin Interactions by MD Simulations. General patterns of TAR-aminoglycoside interactions were investigated in MD simulations of the modeled RNA-drug complexes under full solvation conditions. As described previously for hammerhead RNA-aminoglycoside complexes, 10 we performed short MD simulations in which the non-hydrogen atoms of the TAR RNA were fixed at their positions in the NMR structure while the docked neomycin was allowed to move. The MD trajectories calculated for the 27 TARneomycin complexes were analyzed for stable hydrogenbonding patterns in RNA-drug interaction. A compilation of recurring contacts observed during the MD simulations of the complexes is shown in Figure 7 . The most important interactions were stable hydrogen bonds between ammonium groups of neomycin and phosphate groups of nucleotides within G18-G21 of the lower stem and C37-C40 of the upper stem (Figure 7a, boxed) . Simultaneous interactions of neomycin with these two regions is likely to lock TAR in the 'free' conformation as was suggested above on the basis of the calculated electronegative pockets. Additional contacts, frequently observed in the MD simulations of the TAR-neomycin complexes, are hydrogen bridges to base nitrogen atoms of the G18-G21 stem region and some contacts to uridine O4 atoms (Figure 7a) .
In the aminoglycoside, essentially all substituents of the neamine core (rings A and B) were recurrently found involved in hydrogen bonds to the RNA (Figure 7b) . Interactions with ring D were fluctuating and strongly dependent on the orientation of neomycin in the particular TAR-drug complex. This is in line with observations in the hammerhead-aminoglycoside system 10 and RRE-aminoglycoside complexes 74 where rings A and B of the drugs provide the most important contacts to the RNA. Rings A and B of the aminoglycosides constitute the neamine moiety (Figure 1c) , the invariant unit of most biologically active aminoglycoside antibiotics.
The regions of TAR RNA which were observed to contact neomycin in the MD simulations of the complexes are consistent with results from enzymatic footprinting studies on TAR-neomycin complexes. 51, 52 Re- gions protected from hydrolysis by RNases span the lower stem to part of the bulge. However, due to sterical hindrance effects influencing the cleavage of the bulky nucleases, the results from nuclease footprinting give a rather coarse view of the aminoglycoside-binding site. The most significant protection by neomycin has been found at C19. 52 Interestingly, the phosphate groups of A22, U23, and U40, which have been shown to provide energetically important contacts with the Tat protein, 69, 75 are not observed in interactions with neomycin during the MD simulations. Among the other contact sites of Tat in the Tat-TAR complex, 69, 76 only the O4 carbonyl oxygen of U23 is involved in hydrogen bonding with neomycin. Thus, the binding of neomycin and the Tat protein involves largely disparate sets of contact sites in TAR RNA. This could account for the observed allosteric mechanism in the aminoglycoside-induced dissociation of preformed Tat-TAR complexes. 51 Aminoglycosides may prevent Tat from binding to TAR not by direct competition for the binding site but by favoring the 'free' conformation of the RNA impeding thereby Tat binding. This hypothesis is consistent with a recent model according to which Tat forms initial contacts with TAR RNA in the widened deep groove and causes a conformational change in the RNA. 77, 78 
Conclusions and Perspectives
One important component of the remarkable discriminatory potential of aminoglycosides for selecting RNA targets is the structural electrostatic complementarity between their adaptable three-dimensional framework of positively charged ammonium groups in the antibiotics and the various negatively charged pockets created by the diverse RNA folds. Using Brownian dynamics simulations of cation diffusion, we have explored the electronegative pockets in RNA folds as target regions for the binding of positively charged drugs. The technique has been applied to RNA molecules known to bind aminoglycosides, namely, two tobramycin aptamers: the 16SA oligonucleotide containing the aminoglycosidebinding region in 16S rRNA and the TAR RNA from HIV. In the RNA-aminoglycoside complexes of the aptamers and 16SA, for which the three-dimensional structures are known, the antibiotics are indeed found within negatively charged pockets of the RNAs. On the basis of the complementarity between the electrostatic field created by the RNA fold and the array of positively charged ammonium groups in aminoglycosides, threedimensional models of TAR-aminoglycoside complexes were deduced and constructed.
Comparing RNA-drug interactions with the contribution of electrostatics in natural and artificial RNAs provides a starting point for manipulating both the binding affinity and the selectivity of aminoglycosidebased compounds. 12 The principle of electrostatic complementarity can be exploited in order to investigate binding sites for positively charged drugs in new RNA targets. In conclusion, the exploration of electronegative pockets in RNA folds by BD simulation provides a powerful new technique for computer-aided drug design.
Methods
Molecular Models and General Procedures. Atomic coordinates of an aptamer RNA-tobramycin complex (TOB1), 46 an oligonucleotide derived from the 16S rRNA A site, 62 a complex thereof with paromomycin, 18 and TAR RNA 70 were extracted from the Brookhaven PDB database. The structure of a second aptamer RNA-tobramycin complex (TOB2) 47 was kindly provided by L. Jiang and D. J. Patel.
Solution conformations of aminoglycosides ( Figure 1c ) were sampled as previously described by high-temperature MD simulations of the free drugs in water. 10 For neomycin B, used for the docking to TAR RNA, 20 different conformers were obtained which cover the minima on the potential energy surface of the neamine core (Figure 1c) . The adiabatic map of unsubstituted neamine was calculated with Insight (Molecular Simulations, San Diego, CA) using CFF91 force-field parameters. 80, 81 For tobramycin, 10 different solution conformers were marked on the map. Drawing of molecular surfaces and calculation of surface areas was done with the GRASP program. 81 Prospection of Negatively Charged Pockets in RNA. Negatively charged pockets in the RNA three-dimensional structures were explored by Brownian dynamics simulations of the diffusion of cationic test spheres in the electrostatic field of the RNAs. 44 Electrostatics was treated with the nonlinear Poisson-Boltzmann equation using a continuum model for the solvent with a dielectric constant of 78 and 4 for water and RNA, respectively. Atomic partial charges for RNA were from the AMBER 4.1 force field. 82 BD simulations were performed with the UHBD program 45 on rigid RNA targets in the absence of ligands. The diffusing cations were modeled as positively charged spherical probes with radii between 1 and 3.0 Å. A range of radii was used for the diffusing spheres in order to account for the variation in size of electronegative pockets suitable for either the direct binding or the water-mediated binding of cations and cationic groups. 44 Trajectories of the diffusing test spheres were initiated at randomly chosen points at a distance of 100 Å from the center of mass of the RNA molecule. Trajectories exceeding an outer cutoff sphere of radius 200 Å were terminated. Test spheres that stayed within the cutoff sphere were uniformly simulated for 200 ns at a time step of 0.02 ps. Trajectory coordinates were recorded at intervals of 200 ps. For each probe radius 1000 trajectories were calculated.
For each set of BD trajectories, the probability of finding the center of the charged probe within a discrete volume element in space was calculated as described. 44 The probabilities were visualized as a density grid superimposed on the RNA structure.
Docking of Aminoglycosides to RNA. Rigid body docking of aminoglycoside solution conformers (Figure 1c) to RNA was performed by least-squares fitting of ammonium nitrogen atoms to center-of-mass positions of predicted negatively charged pockets in the RNA structures. 10 Densities obtained in BD simulations of 1 and 1.5 Å test spheres 44 were used throughout to define negatively charged pockets for docking. All possible permutations of correspondences between ammonium groups and predicted pockets were systematically checked for each antibiotic conformer. In each case, conformers were selected that resulted in a fit of ammonium groups into negatively charged pockets, without resulting in sterical clash between the drug and the RNA.
MD Simulations of TAR-Neomycin Complexes. Each RNA-aminoglycoside complex was placed in a rectangular box of SPC/E water containing about 1300 solvent molecules. In all steps of the following calculations the non-hydrogen atoms of the RNA were fixed at their positions in the NMR structure. Initially 1000 steps of conjugate gradient minimization were performed followed by 10 ps of solvent equilibration MD at 298 K with heavy atoms of the aminoglycoside fixed. Subsequently the constraints on the antibiotic were removed, and the system was heated from 10 to 298 K in steps of 50 K over a period of 15 ps; 60 ps of productive MD followed. The MD trajectories were analyzed by time-averaged evaluation of hydrogen bonding between the antibiotic and the RNA.
